Miecznikowski, J.R.; Lo, W.; Lynn, M.A.; O'Loughlin, B.E; DiMarzio, A.P; Martinez, A.M.; Lampe, L.; Foley, K.M.; Keilich, L.C.; Lisi, G.P.; Kwiecien, D.J.; Pires, C.M.; Kelly, W.J.; Kloczko, N.F.; Morio, K.N. "Syntheses, characterization, density functional theory calculations, and activity of tridentate SNS zinc pincer complexes. " Inorganica Chimica Acta, 2011, 376, 515-524. and HSQC NMR spectroscopies and cyclic voltammetry, and were found to be redox active. Gaussian calculations were performed and agree quite well with the experimentally observed oxidation potential for the pincer ligand. The zinc complexes were screened for the reduction of electron poor aldehydes in the presence of a hydrogen donor, 1-benzyl-1,4-dihydronicotinamide (BNAH). The zinc complexes enhance the reduction of electron poor aldehydes. Density functional theory calculations were performed to better understand why the geometry about the zinc center is pseudotetrahedral rather than pseudo-square planar, which is seen for most pincer complexes.
A series of tridentate SNS ligand precursors were metallated with ZnCl 2 to give new tridentate SNS pincer zinc complexes. The zinc complexes serve as models for the zinc active site in Liver Alcohol Dehydrogenase (LADH) and were characterized with single crystal X-ray diffraction, 1 H, 13 C, and HSQC NMR spectroscopies and electrospray mass spectrometry. The bond lengths and bond angles of the zinc complexes correlate well to those in horse LADH. The zinc complexes feature SNS donor atoms and pseudotetrahedral geometry about the zinc center, as is seen for liver alcohol dehydrogenase. The SNS ligand precursors were characterized with 1 H, 13 C, and HSQC NMR spectroscopies and cyclic voltammetry, and were found to be redox active. Gaussian calculations were performed and agree quite well with the experimentally observed oxidation potential for the pincer ligand. The zinc complexes were screened for the reduction of electron poor aldehydes in the presence of a hydrogen donor, 1-benzyl-1,4-dihydronicotinamide (BNAH). The zinc complexes enhance the reduction of electron poor aldehydes. Density functional theory calculations were performed to better understand why the geometry about the zinc center is pseudotetrahedral rather than pseudo-square planar, which is seen for most pincer complexes.
For the SNS tridentate pincer complexes, the data indicate that the pseudo-tetrahedral geometry was 43.8 kcal/mol more stable than the pseudo-square planar geometry.
Density functional theory calculations were also performed on zinc complexes with monodentate ligands and the data indicate that the pseudo-tetrahedral geometry was 30.6 kcal/mol more stable than pseudo-square planar geometry. Overall, the relative stabilities of the pseudo-tetrahedral and pseudo-square planar systems are the same for this coordination environment whether the ligand set is a single tridentate SNS system or is broken into three separate units. The preference of a d 10 Zn center to attain a tetrahedral local environment trumps any stabilization gained by removal of constraints within the ligand set.
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Introduction:
Bioinorganic chemists have made contributions toward the understanding of enzymatic activity through the synthesis and subsequent structural and functional characterization of model complexes for metalloenzyme active sites [1] . Model complexes are low molecular mass systems that seek to mimic the metalloenzyme in terms of ligand donor atoms, structure, and oxidation states [2] . Bio-inspired model complexes can be prepared to investigate the structure and function of enzymes through the use of Nature as a model for the design of highly active and efficient catalysts.
Liver alcohol dehydrogenase (LADH) is a zinc metalloenzyme that catalyzes the oxidation of alcohols to aldehydes and ketones, and also catalyzes the reverse reaction:
the reduction of a ketone or an aldehyde to an alcohol [1, 3] . The crystal structure of horse LADH has been solved [4] . The resting enzyme has a zinc(II) metal center which is pseudo-tetrahedrally ligated with one N-histidine side chain, two S-cysteine side chains, and one labile water molecule. The nitrogen and sulfur donor atoms are provided by histidine and cysteine residues of a single polypeptide chain [5] . Several structural models for LADH have been reported with the same donor atoms as the metalloenzyme [6] [7] [8] [9] [10] [11] [12] [13] . In some cases, reactivity data was not reported [14] . Reactivity has also been reported for zinc LADH model complexes with donor atoms that are different than the enzyme's active site [15] .
In our efforts to understand the catalytic activity of such a metalloenzyme, we have chosen to model the structure and reactivity of the zinc active site through the use of a Toward the goal of synthesizing and understanding bio-inspired model complexes for the liver alcohol dehydrogenase active site, we report herein the syntheses, spectroscopic and electrochemical characterization, density functional theory (DFT) calculations and activity screening of tridentate SNS zinc pincer complexes.
Experimental:

General Procedures:
All reagents used are commercially available and were used as received.
Isopropyl imidazole, neopentyl imidazole, 2,6-bis(3-butylimidazol-1-yl)pyridine bromide, 2,6-bis(3-isopropylimidazol-1-yl)pyridine bromide, and 2,6-bis(3-isopropylimidazol-2-thione-1-yl)pyridine were prepared as reported previously [20] [21] [22] [23] [24] as were BNA + and BNAH [25] . NMR spectra were recorded at 25 o C on a Bruker
Avance 300 MHz NMR spectrometer. Spectra were referred to the solvent residual peak.
Electrospray mass spectrometry was performed on a Micromass ZQ instrument using nitrogen as the drying and nebulizing gas. Cyclic voltammetry experiments were performed using a Cypress Electroanalytical System with a silver wire reference electrode, a glassy carbon working electrode, and a platinum counter electrode. The supporting electrolyte for the cyclic voltammetry experiments was tetra-N- 
Crystallographic Analyses:
Crystals of 1, 2, and 3 were mounted on a glass fiber or loop and placed in a -80 o C nitrogen stream on a Bruker diffractometer equipped with a Smart CCD at Boston
College (Chestnut Hill, MA). Crystallographic data were collected using graphite monochromated 0.71073 Å Mo-Kα radiation and integrated and corrected for absorption using the Bruker SAINTPLUS software package. The structures were solved using direct methods and refined using least-square methods on F-squared. All other pertinent crystallographic details such as h, k, l ranges, 2θ ranges, and R-factors can be found in 
Reactivity:
In a typical reaction, 0.1 mmol of 4-nitrobenzaldehyde, 0.2 mmol of BNAH, and 0.1 mmol of the zinc complex or 0.2 mmol ZnCl 2 were dissolved in 3 mL of CDCl 3 . The reaction was heated at reflux. Aliquots of the reaction were taken at certain times and analyzed using 1 H NMR spectroscopy. All data are averages of at least two runs.
Gaussian Calculations:
Gaussian 03 was used to perform single-point calculations and DFT geometry optimizations using the B3LYP hybrid functional with 6-31G* basis sets as provided with the software [26] . Calculations were performed on the pincer ligand precursor alone as well as on the bound Zn(II) system (R = Me in all cases). Symmetry was imposed on the metal-ligated complex such that one pseudo-tetrahedral (C s ) and two pseudo-square planar (C 2 and C 2v ) structures were examined. In accordance with the molecular point groups, the SNS ligand set was required to be flat under C 2v symmetry, but could become nonplanar under C 2 or C s symmetries. Frequency analysis was performed on the optimized structures to determine whether or not they represented true minima. We found no imaginary frequencies for the pseudo-tetrahedral structures, but we did find several for the pseudo-square planar systems as indicated in the discussion that follows.
Gas-phase geometry optimizations and single-point calculations using a solvent model were also performed on the unbound pincer ligand precursor in an effort to model the oxidation potentials that have been determined experimentally. After the structures of the ligand precursor were optimized in neutral and singly cationic and anionic states under each of the point groups described above, single-point SCRF calculations using DMSO via the CPCM solvent model were performed. The "radii=uff" and "nosymmcav" directives were employed. Oxidation and reduction potentials were then determined by finding the difference in the total free energies in solution for the neutral and cationic or anionic species. These ΔG values were then referenced to the absolute SCE potential in DMSO by subtracting 3.83V (the established correction [27] to SHE in DMSO) and 0.241 V (the difference between SHE and SCE).
Syntheses:
Preparation of 2,6-bis(3-neopentylimidazol-1-yl)pyridine bromide
In a round-bottom flask, 3.57 g (25.8 mmol) of neopentyl imidazole were added along with 3.20 g (13.5 mmol) of 2,6-dibromopyridine. The solution was brown and oily. The reaction mixture was heated neat at 160°C for 18 hours. After the reaction mixture was removed from the heat, the dark brown solid that remained in the round-bottom flask was dissolved in methanol (15 mL) the product was precipitated out of solution with 125 mL of diethyl ether. The tan crystals were collected by filtration through a Buchner funnel and were allowed to air dry. The yield was 3.07 g (44.3%). In a 100mL round-bottom flask, 0.062 g (0.17mmol) 2,6-bis(3-isopropylimidazol-2-thione-1-yl)pyridine was combined with 0.057g (0.42mmol) ZnCl 2 and dissolved in 10mL CH 2 Cl 2 . The solution was stirred at reflux for 18h and the off-white solid was collected by vacuum filtration. The yield for the reaction was 0.070g (63% 
Results and Discussion:
Syntheses and Spectroscopy
The syntheses of the tridentate SNS ligand precursors and zinc pincer complexes 1-3
were accomplished following Scheme 1. The alkyl imidazoles were either prepared following known routes or were commercially available [20, 22] . Different R groups were employed because Crabtree has reported that modification of such substituents affects the solubility and catalytic activity of the metal complexes [23] . The alkyl imidazoles react neatly with 2,6-dibromopyridine to form the ligand precursor salts 1a, 2a, or 3a [28] , which are soluble in DMSO, methanol, acetonitrile and water.
Compounds 1a, 2a, and 3a, react with a mild base, sodium acetate, and elemental sulfur in refluxing acetonitrile to form the bis-thione ligand precursors 1b, 2b, and 3b, respectively [24] . Instead of sodium acetate, a stronger base, potassium t-butoxide, could also be utilized [29] . As determined by NMR spectroscopy, 1b, 2b, or 3b can be purified by filtering a dichloromethane solution containing this compound through alumina.
These compounds are soluble in DMSO, dichloromethane, chloroform, acetone, acetonitrile, and methanol. ppm that are consistent with C=S formation [17] . The bis-thione ligand precursors, 1b, 2b, and 3b, lacked the acidic C-H proton at δ ~11 ppm in the 1 H NMR spectra, whereas this proton resonance was present for the precursors 1a, 2a, and 3a.
Complexes 1-3 were analyzed with 1 H, 13 C, and HSQC NMR spectroscopy in DMSO- ESI-MS spectra for compounds 1-3 were collected with cone voltages of 0 V and 70
V. The predominant feature in the spectra of these systems at the higher cone voltage is that of the fully ligated zinc complex, indicating that the compound is stable and suggesting that it is unlikely that the ligand is displaced when dissolved in a polar solvent. In negative ion mode, the expected m/z values were seen for [ZnCl 3 ] -. The isotopic patterns in the mass spectrometry data fit the assigned structures.
X-ray Crystallography
The solid-state molecular structures of 1, 2, and 3 are shown in Figure 1 . Complexes 1-3 feature SNS donor atoms and pseudotetrahedral geometry about the zinc center, as is seen for liver alcohol dehydrogenase. The bond lengths and bond angles for 1-3 are listed and are compared to the active site in horse LADH-CNAD in Table 2 . CNAD is an isoteric C-glycosidic analogue of NADH containing a neutral pyridine ring, which is a potential inhibitor of LADH. During catalysis, it is proposed that cofactor and substrate are near the zinc(II) active site [32] . In the LADH-CNAD structure, the CNAD mimics the cofactor binding to LADH. Therefore, we selected this crystal structure because this structure contained a co-factor mimic and an ethanol molecule in the active site. The 
Cyclic Voltammetry of Ligand Precursors and Comparison of Cyclic Voltammetry
Results to Gaussian Calculations.
The bis-thione ligand precursor, 2b, was studied by cyclic voltammetry, as part of its characterization. This compound shows a reversible oxidation wave at 1289 mV and a reduction wave at -2367 mV by cyclic voltammetry in DMSO (Figure 2 ). The oxidation and reduction occurred at the same potential when two consecutive cycles were collected.
Thus, the ligand precursor itself is stable with respect to repeated oxidations and reductions. We performed Gaussian calculations to further understand our cyclic voltammetry results. . While all three of these potentials are close to that found experimentally (1289 mV), the ΔG value found when the ligand is modeled under C s symmetry is the closest.
As can be seen from the contour plot of the HOMO shown in Figure 3 , the electron is removed from a π-type orbital that is largely based on the thioimidazolyl portions of the molecule. Upon oxidation, the main structural change observed in the optimized structures is an increase in the dihedral angle between the thioimidazolyl and pyridinyl sections of the molecule. Under C s symmetry, the dihedral angle is determined to be 21.3º for the neutral system and 38.5º for the cation, which indicates that the sulfur atoms are closer to each other in the oxidized compound than in the neutral system. Given that the sulfurs of the thioimidazole rings are closest to each other under C s symmetry than under the C 2 or C 2v point groups and that similar systems are known to form disulfides upon oxidation [33] , the excellent agreement between the experimental oxidation potential (1289 mV) and the value calculated by Gaussian (1297 mV) indicates an acceptable level of modeling for this system.
As for the one-electron reduction of the pincer ligand, the computed ΔG values 
Density Functional Theory Calculations to Understand Geometry About the Zinc Center
Because tridentate pincer ligand precursors are known to coordinate to metals in either a meridional or facial fashion, we were interested in understanding the energy difference between a pseudo-tetrahedral complex (facial coordination of pincer ligand) and a pseudo-square planar complex (meridional coordination of pincer ligand) of this zinc pincer system. Pincer ligands have been reported to coordinate in a meridional fashion to d 8 Pd(II) and Pt(II) centers to yield systems that possess a pseudo-square planar environment at the metal center [17] . Given the ability of the ligand precursor systems 1b, 2b, and 3b to establish π-conjugation across multiple rings when flat, we were interested in understanding whether such electronic influences would enforce a square planar environment upon the metal center or if the preference of d 10 Zn(II) to attain a tetrahedral coordination sphere would predominate.
Our calculations show that a pseudo-tetrahedral geometry is preferred for a d 10 zinc system with a ligand precursor set that is analogous to that found in complexes 1-3
( Figure 1 and Table 1 ). The system with the Zn center in a pseudo-square planar environment and C 2 molecular geometry overall is calculated to be 18.3 kcal/mol less stable than the pseudo-tetrahedral structure as depicted in Figure 4 . The pseudo-square planar system with C 2v symmetry is 43.8 kcal/mol less stable than the pseudo-tetrahedral structure. Analysis of the C 2 system finds that it has one vibration with an imaginary frequency (28.03i), the C 2v system possesses four (44.16i, 62.88i, 123.07i, and 138.96i cm -1 ), and the C s system has none in agreement with the observation of pseudotetrahedral systems for compounds 1-3. Visualization with GaussView of several of the imaginary frequencies for the C 2v system shows that they represent torsion of the ligand set away from being planar and toward the geometry adopted in the pseudo-tetrahedral structure. Various bond lengths and angles found in the three optimized structures are worth note. The Zn-S, Zn-Cl, and Zn-N bond lengths of the pseudo-tetrahedral structure are in good agreement with those given for 1-3 in Table 1 . Constraining the pincer precursor ligand to be planar to enforce a pseudo-square planar environment around the Zn center under C 2v symmetry requires the Zn-N bond length to elongate to 3.32Å, which is nearly 1.2 Å longer than was calculated for the pseudo-tetrahedral structure. Furthermore, the bond angles at the Zn center (N-Zn-S 76.9º) show that the donor atoms are reasonably well aligned with the filled Zn d x2-y2 orbital, thereby providing instability to this structure.
The pseudo-square planar system with C 2 symmetry has a Zn-N bond of a similar length (3.27 Å), but given that the ligand can flex more freely than it can under C 2v symmetry, the optimized N-Zn-S bond angle of 65.1º allows relaxation of the σ-donor atoms away from the Zn d x2-y2 orbital and therefore a more stable structure than found for the C 2v system.
We next chose to calculate the energy differences between the pseudo-tetrahedral and pseudo-square planar systems with the ligand set split into three monodentate fragments. Doing so allows us to separate the influence of the d 10 electronic population of the metal center from the coordination environment imposed by a unified tridentate SNS ligand precursor set. Shown in Figure 5 are the optimized pseudo-tetrahedral and pseudo-square planar structures in which the pyridine and imidazole fragments have been allowed to attain the most stable orientations possible within the constraints of the imposed molecular symmetries. In these structures, the pyridine rings are not connected to the imidazoles. No imaginary frequencies were found for the pseudo-tetrahedral C s structure while five (18.32i, 21.91i, 24.28i, 28.34i, 45.73i cm -1 ) were found for the C 2v pseudo-square planar system and four (7.77i, 9.81i, 19.52i, 52.57i cm -1 ) were located for the C 2 pseudo-square planar system. kcal/mol) upon the C 2v pseudo-square planar structure relative to the C s pseudotetrahedral system.
On the whole, the relative stabilities of the pseudo-tetrahedral and pseudo-square planar systems are the same for this coordination environment about zinc whether the ligand set is a single tridentate SNS system or is broken into three separate units. The preference of a d 10 Zn center to attain a tetrahedral local environment trumps any stabilization gained by removal of constraints within the ligand set.
Reactivity
Having established a synthetic protocol for these metalloenzyme models and gained an understanding of their structural characteristics, we turned our attention to probing their stoichometric activity. We chose 4-nitrobenzaldehyde, an electron-poor aldehyde, to screen the ability of 1-3 to reduce such a system in the presence of the hydrogen donor BNAH (eq. 1). BNAH was prepared following a known literature procedure and is the reagent of choice to model NADH [25] . 1 Table 3 illustrates the reactivity data for 1-3 as well as for ZnCl 2 and the ligand precursor. As shown in Table 3 , zinc complexes 1-3 enhance the rate of the reaction for the reduction of 4-nitrobenzaldehyde when compared to ZnCl 2 or ligand precursor. Based on a mechanism for LADH proposed by Berreau and co-workers, there is a hydrogen transfer between the co-factor and the substrate, which is coordinated to the zinc active site [32] . We also learned that ZnCl 2 reacts stoichiometrically with electron poor aldehydes such as 4-nitrobenzaldhyde to yield alcohol product to a small extent (ca. 18 % conversion). We suppose that Zn 2+ acts as a Lewis acid catalyst in the reaction where ZnCl 2 is utilized. Perhaps, the Zn 2+ in the counteranion contributes to the reactivity that is shown for 1-3 in Table 3 . Experiments are underway to prepare tridentate zinc SNS pincer complexes with a counter-anion that does not contain a zinc ion. We also wondered if an excess of ZnCl 2 would enhance the rate of conversion of 4-nitrobenzaldehyde. We saw 42 % conversion of 4-nitrobenzaldehyde after 20 h when excess ZnCl 2 (10 eq) was used. Thus, an excess of ZnCl 2 and BNAH could be utilized to reduce 4-nitrobenzaldehyde.
Based on the data presented in Table 3 , it appears that the choice of the R group is important as isopropyl and neopentyl groups gave a higher percent conversion than nbutyl. Larger R groups are needed to prepare zinc complexes that have increased solubility in organic solvents. The more sterically demanding n-butyl wingtip group, when compared to neopentyl or isopropyl, may shield the zinc metal center from interacting with BNAH and substrate. This is another example that illustrates that the identity of the wingtip group is a very important variable to consider when screening metal complexes for activity [23] .
We also tried to reduce another electron poor aldehyde, pyridine-2-carboxaldehyde, in the presence of a stoichiometric amount of 1 or ZnCl 2 (eq. 2). Table 4 illustrates the reactivity data for 1 as well as for ZnCl 2 . As shown in Table 4 , zinc complex 1 enhances the rate of the reaction for the reduction of pyridine-2-carboxaldehyde when compared to ZnCl 2 . 
BNAH
As seen in Tables 3 and 4 , enhancement for the reduction of 4-nitrobenzaldehyde or pyridine-2-carboxaldehyde was observed for complexes 1-3. Stoichiometric conversion to the alcohol product was not observed for either 4-nitrobenzaldehyde or pyridine-2-carboxaldehyde. Based on the mechanism proposed by Berreau and co-workers [32] , the low activity of complexes 1-3 could be due to the slow hydrogen transfer between the cofactor and the substrate, which is coordinated to the zinc active site. More importantly, the alcohol product may inhibit the reaction. As the alcohol is formed, it may coordinate to the zinc metal center as the reaction progresses, and thereby hinder the reaction.
Conclusions
A series of Zn(II) compounds containing the SNS facial coordination of a tridentate pincer ligand was prepared and characterized. The tridentate SNS pincer ligand precursors and zinc complexes used in this work have provided new insights in the field of bioinorganic modeling chemistry. The zinc complexes serve as models for the zinc active site in liver alcohol dehydrogenase. The SNS zinc pincer complexes adopt pseudo-tetrahedral geometry and have a SNS coordination environment about the zinc center like LADH and react with BNAH to reduce electron poor aldehydes. The reactivity of 1-3 is not optimal when compared to LADH. It remains a challenge to synthesize a neutral zinc complex with a tridentate ligand with SNS donor atoms that yield reactivity that is comparable to LADH.
Gaussian calculations were performed to prove various structural and electronic properties of these compounds. The computed oxidation potentials matches well with what is observed experimentally while the calculated reduction potential indicates that the experimental reduction wave does not correspond to a simple one-electron reduction of the ligand precursor without other reactivity occurring. DFT calculations were also performed to better understand why the geometry about the zinc center is pseudotetrahedral rather than pseudo-square planar, which is seen for most pincer complexes.
Overall, the relative stabilities of the pseudo-tetrahedral and pseudo-square planar systems are the same for this coordination environment whether the ligand set is a single tridentate SNS system or is broken into three separate units. The preference of a d 10 Zn center to attain a tetrahedral local environment trumps any stabilization gained by removal of constraints within the ligand set.
Supporting Information:
The 1 H, 13 C and HSQC NMR spectra of 2a, 2b, 3b, and 1-3 and mass spectra of 1-3 are provided. IR spectra for 2b and 3b and crystallographic details of 1-3 are also given.
